INTRODUCTION
Microsatellites are versatile and informative genetic markers that have facilitated an unprecedented understanding of the genetic diversity present in natural populations. Consequently, autosomal microsatellite markers have become invaluable tools for molecular ecology (Guichoux et al., 2011) . Additional insights have been gained by comparing microsatellite data to DNA sequence data from maternally inherited mitochondrial markers (Pope et al., 1996; Johnson et al., 2003) , but the differing patterns of mutation and selection pressure may influence the inferences made (Sunnucks, 2000) . Microsatellite markers from mammalian sex chromosomes can now provide further opportunities to investigate female-and malemediated gene flow (Petit et al., 2002; Schaffner, 2004; Miller et al., 2010) .
As a consequence of their different modes of inheritance, different patterns of variation are expected between genetic markers from autosomes and sex chromosomes (Petit et al., 2002; Ellegren, 2009) . Several factors may lead to reductions in the genetic diversity of sex chromosomes relative to autosomes, particularly the smaller effective population sizes (N e ) of the sex chromosomes. In mammals, if the sex ratio is equal, there will be only three copies of the X chromosome and a single Y chromosome for every four copies of an autosome. Thus, over evolutionary time, the autosomes have more opportunities to accumulate mutations than the sex chromosomes and genetic variation on the different chromosomes will occur at the ratio of 1.0 to 0.75 to 0.25 for autosomal, X-linked and Y-linked markers, respectively (Charlesworth, 2009) .
N e can also vary within the genome as a consequence of selection and localised variation in recombination rates. For example, some regions of the genome (hotspots) will have disproportionately high recombination rates, whereas other genome regions undergo minimal recombination and are expected to have reduced N e relative to the genome average (Nachman, 2002; Kaiser and Charlesworth, 2009) . Data from human genome resequencing suggest that reductions in diversity, as a consequence of selection at sites linked to genes, have had a greater impact on the X chromosome than the autosomes (Gottipati et al., 2011) , but this is not well understood in non-model species for which genomic data are not available. Mammalian Y chromosomes are haploid and, with the exception of pseudoautosomal regions in some but not all species (Page et al., 2005) , undergo no recombination. Thus, the Y chromosome is expected to have one of the lowest effective population sizes of any genome region (Charlesworth, 2009) , a characteristic that is also likely to be subject to variations in mating systems, for example, differences in reproductive success between the sexes. As a consequence, the Y chromosome will be especially sensitive to population bottlenecks, expansions or founder effects (Petit et al., 2002) . Evidence from a range of mammalian species demonstrates a trend for reduced genetic variation on the Y chromosome (Hellborg and Ellegren, 2004; Lindgren et al., 2004; Meadows et al., 2004; Lawson Handley et al., 2006) . Similarly, the inheritance pattern of the X chromosome means that demographic factors and mating systems will differ in their effect on genetic diversity at X-linked relative to autosomal loci. For example, the autosomes spend a greater proportion of evolutionary time in the male germline than does the X chromosome and so variation on the autosomes will be more severely influenced by any male-specific bottleneck (Ellegren, 2009) . The relative levels of genetic diversity at X-linked and autosomal loci have been shown to vary markedly even within a species, with humans providing a key example. The ratio of X to autosome diversity in humans is clearly different at regional scales than at a worldwide scale (Hammer et al., 2008; Ellegren, 2009; Keinan et al., 2009) , indicating that understanding regional differences in selection, population structure and history will be important to understanding patterns of chromosome diversity (Casto et al., 2010) .
Sex chromsome microsatellites have the potential to make significant contributions to wildlife management and conservation planning (Miller et al., 2010) by contributing a sex-specific perspective to population and conservation genetics. X-and Y-linked markers may improve identification of discrete genetic lineages within a population, contributing to efforts to maximise genetic diversity represented in individuals selected for relocation or captive breeding. Sex chromosome markers may also identify sex-specific effects such as skewed mating structure that will affect the way genetic variation is retained in small populations. Further, sex-linked microsatellites have the potential to illuminate patterns of sex-biased dispersal: previously their application to this field was limited by the poor availability of variable sex chromosome markers for non-model species (Prugnolle and de Meeus, 2002) , but the application of sex-linked microsatellites to studies of sex-biased dispersal is becoming more common (Li and Merila, 2010; Yannic et al., 2012) . Importantly, large-scale genome sequencing efforts targeting an ever-wider range of species (Genome 10K Community of Scientists, 2009) are likely to enable the development of sex chromosome markers for non-model organisms (Greminger et al., 2010) bringing the analysis of sex chromosomes for many mammals within grasp.
The tammar wallaby (Macropus eugenii) is the first marsupial species for which both X and Y chromosome microsatellites have been characterised (MacDonald et al., 2006 (MacDonald et al., , 2007 , providing an opportunity to explore patterns of genetic diversity using markers from autosomes and both sex chromosomes. Tammar wallabies declined after European settlement of Australia, primarily as a consequence of hunting, habitat loss and introduced predators. All but one of the mainland populations are now extinct: the population around Adelaide was extinct by the 1920s and the Eyre Peninsula population was likely extinct by the 1970s. The only remaining mainland population occurs in southwest Western Australia and this has also declined and become fragmented during the 20th century, especially post-1960 (Tyndale-Biscoe, 2005 . Despite this the species remains abundant on Kangaroo Island (in Spencer's Gulf, B130 km southwest of Adelaide, South Australia) and present in several isolated island populations off the Western Australian coast including the Abroholos Archipelago (near Geraldton), the Recherche Archipelago (near Esperance) and Garden Island (near Perth). These Western Australian island populations are genetically distinct from one another and display low levels of genetic diversity Miller et al., 2011) . The tammar wallaby is considered to have a promiscuous mating system with a male dominance hierarchy. In captivity, females mate with multiple males, with the dominant male siring approximately half of the offspring (Hynes et al., 2005; Miller et al., 2010) . Thus, there is likely to be greater variation in reproductive success for males than for females in wild populations.
Here we investigate differences in genetic variation between autosomal and sex-linked microsatellites, focusing on two island populations of the tammar wallaby that have very different histories. Garden Island is o10 km 2 and is home to an endemic population of an estimated 1800-2600 tammar wallabies (Brian Chambers, unpublished data) that was separated from the mainland populations by rising sea levels between 13 000 and 10 000 years ago (Tyndale-Biscoe, 2005) . Previous work using autosomal microsatellites identified low genetic diversity and high levels of inbreeding in this population . In contrast, Kangaroo Island has a total area of around 3890 km 2 (Inns, 1980) and holds the largest extant tammar wallaby population. Although the total size of the Kangaroo Island population is not well understood, tammars number in the hundreds of thousands at least: the species is considered overabundant and thousands of individuals are culled annually (Wright and Stott, 1999) . High levels of polymorphism have been observed at autosomal microsatellite loci in Kangaroo Island tammar wallabies and, although no comprehensive population genetic study has yet been published for this population, significant geographic heterogeneity in allele frequencies is considered unlikely, given the area of the island, the mobility of the animals and the large population size (Taylor and Cooper, 1999) .
Our study provides an opportunity to investigate the insights to be gained from the inclusion of sex chromosome microsatellites. Based on our current knowledge of the two tammar wallaby populations studied, our expectations are that:
(1) Genetic diversity will be higher in the Kangaroo Island population than the Garden Island population for markers from all three chromosomes, reflecting the differences between the islands in terms of area and population sizes and previously detected inbreeding in the Garden Island population. (2) If genetic diversity on a specific chromosome is predominantly influenced by the N e of that chromosome, then the theoretical expectation is that genetic diversity will be highest for markers from the autosome and lowest for Y-linked markers, at the ratio of 1.0 to 0.75 to 0.25 for autosomal, X-linked and Y-linked markers, respectively. (3) If, as anticipated for this species, reproductive success varies more for males than for females, then genetic diversity relative to autosomal loci will be lower than expected based on sex-specific differences in N e at Y chromosome loci and/or higher than expected based on sex-specific differences in N e at X-linked loci. 
MATERIALS AND METHODS

Sampling and DNA extraction
Microsatellite genotyping
PCR primer sequences for the 30 di-and tri-nucleotide microsatellites used in this study are provided in MacDonald et al. (2006 MacDonald et al. ( , 2007 . These markers include 10 Y chromosome loci, 9 X chromosome loci and 11 loci from chromosome 2 ( Coulter CEQ 8000 with a 60-420 bp or 60-640 bp size standard (Beckman Coulter, Brea, CA, USA). Results were analysed using the CEQ 8000 Genetic Analysis System software Version 8.0.52 (Beckman Coulter). All genotypes were scored manually. To determine the importance of genotyping errors within this study, a total of 420 single-locus genotypes from seven loci were repeated from separate PCRs. Replicate genotypes were blind-scored and results of the two replicates were compared once all scoring had been completed. In all 420 cases, identical alleles were observed for each replicate, suggesting that mis-scored alleles do not represent a serious problem in this study.
Population genetic analyses
Allelic richness, a measure of the number of alleles per locus, corrected for sample size, was calculated using FSTAT (Goudet, 2001 ) based on a minimum sample size of 82 chromosomes from Kangaroo Island and 57 chromosomes from Garden Island. The genotyping data collected comprised a mixture of haploid and diploid data. Haploid data can be analysed in FSTAT, but this requires the duplication of each haploid result to create a false homozygote. To determine allelic richness for all loci in one calculation, using data from both males and females, all data were analysed as if haploid, that is, diploid genotypes were split to make two false homozygotes from each genotype. For all other analyses, data were not modified and diploid data were analysed separately from haploid data as necessary. FSTAT was also used to evaluate linkage disequilibrium (LD) at polymorphic loci on each chromosome (assessed separately for haploid males and diploid females at X chromosome loci) and to test conformity to Hardy-Weinberg equilibrium for chromosomes X and 2. All analyses were performed separately for each population. MICRO-CHECKER (van Oosterhout et al., 2004) was used to identify loci that displayed evidence of null alleles.
We used GENALEX software version 6.5 (Peakall and Smouse, 2012) , to calculate the observed heterozygosity (H o ), expected heterozygosity (H e ), Shannon's allele information index ( s H A ), Shannon's mutual information index ( s H UA ) and pairwise F ST and F PT , from diploid X chromosome and autosomal data. We calculated haplotypic diversity (h), Shannon's allele information index ( s H A ) and Fixation index for haploid X chromosome and Y chromosome data as well as pairwise F PT for Y chromosome data. F PT allows estimation of population genetic differentiation from haploid or binary data as well as diploid data (Peakall et al., 1995) . For X chromosome loci, GENALEX was also used to calculate H e for male and female data together. From this mean H e for autosomal and X chromosome data, and from mean h for Y chromosome data, we used the equation y ¼ 0.5 * ((1/(1 ÀH e ) 2 ) À1) to estimate y expected under the stepwise mutation model (Kimura and Ohta, 1975) .
We estimated pairwise relatedness and inbreeding coefficients for individuals from each population using COANCESTRY (Wang, 2011) . For these analyses, we used data from autosomal markers only. We selected the triadic likelihood estimator (TrioML) because this estimator is able to account for inbreeding. We used 1000 bootstrap simulations to generate 95% confidence limits around the expected difference in mean relatedness and inbreeding between random groups of individuals. The observed differences in mean relatedness and inbreeding coefficients between the Kangaroo Island and Garden Island populations, and between males and females within each population, were then compared with these simulations to test for significant differencies between observed groups of individuals.
STRUCTURE (Pritchard et al., 2000) was used to investigate genetic structure within each population for: (i) autosomal data only, (ii) X chromosome data only and (iii) all data combined, with Y chromosome haplotypes coded as a single locus in males and as missing data in females. Data input files included information on phase information for each genotype (haploid or diploid, with the second allele coded as missing data for haploid loci). The parameters used assumed admixture and correlated allele frequencies (Falush et al., 2003) . To estimate the number of clusters, K, for each data set, 20 runs were conducted for each value of K from 1 to 7, each with a burnin of 10 000 repetitions followed by 150 000 MCMC repetitions. For each data set, using STRUCTURE HARVESTER (Earl and vonHoldt, 2012) , we calculated the mean likelihood, LnP(K), and s.d. for each value of K, as well as DK, the second order rate of change of the likelihood with respect to K (Evanno et al., 2005) . NETWORK version 4.6.1.1 (Bandelt et al. (1999) ; www.fluxus-engineering.com) was used to construct a Y chromosome haplotype network. We used the median-joining network algorithm with the parameter epsilon set to a value of 10. Knowledge of the mutation rates for these loci is inadequate, so perfect dinucleotide repeats (MeY-01, MeY-03 and MeY-57) were weighted w ¼ 2 and imperfect repeats (MeY-28, MeY-37) were weighted w ¼ 5, meaning that loci with lower expected mutation rates were assigned higher weights. We used the MP option (Polzin and Daneschmand, 2003) to identify and remove unnecessary median vectors and links.
RESULTS
Characterising microsatellite variation
We found evidence of multiple alleles from some males at one Y-linked locus (MeY-27), suggesting that this locus or its primer binding sites may be duplicated. This locus was excluded from further study, leaving a total of 29 loci for analysis of which 19 and 17 loci were polymorphic among the Kangaroo Island and Garden Island animals, respectively. Of these, a total of 20 loci were polymorphic in one or more populations, with 16 polymorphic in both populations. Despite the similarity in numbers of polymorphic loci, there were substantial differences in the within locus variation observed among individuals in each population. The number of alleles per polymorphic locus ranged from two to 19 among Kangaroo Island wallabies, but only two to four alleles per locus were observed among Garden Island wallabies (Table 1) . Null alleles were detected at two loci from chromosome 2 in the Garden Island population, with null allele frequencies estimated by MICRO-CHECKER (using Brookfield Estimator 1) as 0.04 for locus Me2-040 and 0.03 for locus Me2-077. No null alleles were detected at any locus in the Kangaroo Island population.
No deviations from Hardy-Weinberg equilibrium were detected at loci from chromosomes X and 2 in either population, although conformity to Hardy-Weinberg equilibrium could not be assessed for one bi-allelic locus (MeX-070) in the Garden Island population because its second allele was observed in only one male. Significant LD was detected between five pairs of autosomal loci and between four pairs of X chromosome loci: in each of these pairs both of the loci in question had been identified from the same BAC clone, suggesting a close physical proximity. Consequently, four autosomal loci, Me2-041, Me2-066, Me2-077 and Me2-088, were excluded from further population genetic analyses (only four loci were excluded because two loci already excluded, Me2-077 and Me2-088, constituted the fifth locus pair that displayed significant LD). In addition, three X-linked loci (MeX-048, MeX-049 and MeX-070) were excluded from further population genetic analyses (only three loci were excluded, because MeX-048 displayed significant LD with both MeX-054 and MeX-055). Significant LD was also detected between two pairs of Y-linked loci (between MeY-01 and MeY-28 and between MeY-01 and MeY-37) in the Kangaroo Island population but not in the Garden Island population. All Y chromosome microsatellites should be considered linked on this non-recombining chromosome, so the lack of significant LD for some pairs of Y-linked loci is most likely a reflection of low levels of variation and the number of rare alleles observed. In total, 13 loci comprising four autosomal (Me2-040, Me2-047, Me2-061 and Me2-084), 4 X-linked (MeX-034, MeX-054, MeX-055 and MeX-066) and 5 Y-linked (MeY-01, MeY-03, MeY-28, MeY-37 and MeY-57) loci were available for the comparative analyses.
Population genetics
Population genetic analyses revealed lower levels of gene diversity on Garden Island relative to Kangaroo Island across all chromosomes. We observed a mean allelic richness of 8.53 (Table 1) , a mean of 9.5 alleles/locus and mean H e of 0.64 (Table 2) for Kangaroo Island animals, and a mean allelic richness of 2.65 (Table 1) , a mean of 2.75 alleles/locus and mean H e of 0.19 (Table 2) for Garden Island animals, using four autosomal microsatellite loci. This result is in line with previous studies of the two islands using seven autosomal microsatellites which showed high polymorphism (mean alleles/locus 11.1; mean H e 0.84) on Kangaroo Island (Taylor and Cooper, 1999) and relatively low genetic diversity (mean 3.7 alleles/locus; H e 0.44) on Garden Island . For Kangaroo Island, the ratio of autosome to X to Y diversity (y) was 1.0 to 0.367 to 0.190, whereas for Garden Island, this ratio was 1.0 to 2.14 to 0.14 ( Table 3) . We observed substantial genetic differentiation between the two populations, which was most pronounced at loci on the Y chromosome (Table 4) . Fis was 0.29 (P ¼ 0.01) for autosomal loci and 0.33 (P ¼ 0.01) for X-linked loci (data from females only).
Complete genotypes at five variable Y chromosome microsatellites were obtained for 65 males from Kangaroo Island and 55 males from Garden Island (Table 5) . A total of 17 distinct Y chromosome haplotypes were observed from these males in the Kangaroo Island population. In contrast, only four Y chromosome haplotypes were observed from Garden Island wallabies. Three of these haplotypes were observed in only a single individual each, meaning that the most common haplotype was observed in 52 out of 55 Garden Island males. No Y chromosome haplotypes were shared between the populations (Figure 1) .
The number of genetic clusters identified within the Kangaroo Island population varied depending on the markers used (Table 6 ). For each data set, we first examined the mean LnP(K) values for each K, to identify those instances where K was clearly equal to 1 (where mean LnP(K) was essentially flat across all values of K). As DK cannot be calculated for K ¼ 1, these cases could not be evaluated using the method of Evanno et al. (2005) . For the Garden Island population, we identified a single cluster as the most appropriate for all data sets, regardless of chromosome. This was also the case for the Kangaroo Island population using autosomal data alone. However, in the two other Kangaroo Island data sets, which used X-linked markers only, and autosomal, X-and Y-linked markers combined, we observed similar LnP(K) values for K ¼ 1 and K ¼ 2, with low s.d. values for K ¼ 2. In these data sets, using the DK approach, K ¼ 2 was identified as the most likely value for K (Figure 2 ). Given the sampling design of this study, in which all individuals have been sampled from a relatively small area, we do not believe that these results indicate that there are two genetically distinct sub-groups within the individuals sampled. Rather, these results reflect the detection of sex chromosome lineages reflecting the genealogies of the individuals sampled.
Mean pairwise relatedness and inbreeding coefficients were significantly higher for the Garden Island population than the Kangaroo Island population (Table 7) . Within Kangaroo Island, we detected no difference in the mean inbreeding coefficient between males and females, but we observed that mean relatedness was significantly higher among females than among males. Within Garden Island, we observed that both the mean relatedness and inbreeding coefficients were significantly higher among males than among females (Table 7) .
DISCUSSION
This analysis of microsatellite variation in tammar wallabies demonstrates a clear genetic distinction between the two largest remaining populations of this species, a distinction that is apparent across autosomal loci as well as sex-linked loci. At the same time, variation among these suites of loci demonstrates differences that reflect the interaction between their different modes of inheritance and the different histories and characteristics of the populations. The combination provides a much broader picture of genetic variation in the two populations than would be obtained from the application of autosomal microsatellites alone.
We found lower levels of genetic diversity at autosomal loci in the Garden Island population than in the Kangaroo Island population. Our results agree with expections of higher genetic diversity on Kangaroo Island than Garden Island and are consistent with our observations of high levels of inbreeding and high relatedness coefficients for Garden Island wallabies. It is possible that a founder effect or an historic bottleneck, that occurred when rising sea levels isolated the Garden Island tammar wallabies from the mainland West Australian populations, may have contributed to the low levels of genetic diversity observed in this population (this study ). We note that our mean H e estimates for autosomal loci are lower than those obtained in previous studies (Taylor and Cooper, 1999; Eldridge et al., 2004) . These differences could reflect variation in levels of diversity at the different loci used, but another possible explanation is that all tissue samples used by us were collected from a single region of each island, whereas the previous studies may have drawn on a greater number of collection sites, particularly on the much larger Kangaroo Island. Greater genetic diversity at autosomal loci in the earlier studies may therefore reflect greater heterogeneity in sampling locations. In addition, we were unable to score some loci in some individuals from Garden Island, despite successful amplification of other loci from the same DNA extractions. The markers we used were originally developed for Kangaroo Island tammar wallabies so this could reflect ascertainment bias when applying these markers to Garden Island samples. Such a bias would lead to reduced variation at these markers on Garden Island, however, we found evidence for null alleles (an indicator of ascertainment bias) at only two loci in the Garden Island population and our mean H e estimates were also lower than those obtained in previous work for Kangaroo Island. Consequently, we do not believe that ascertainment bias alone can provide a comprehensive explanation for the low levels of diversity we observe in Garden Island tammar wallabies. Genetic diversity is higher in the Kangaroo Island population than the Garden Island population for all measures of genetic diversity (allelic richness, H o , H e , haploid diversity and y) on each of the three chromosomes. This difference is most pronounced on the Y chromosome, where over 90% of the males surveyed from Garden Island share the same haplotype, suggesting the predominance of a single, dominant Y chromosome lineage in this population. In fact, genetic variation is lowest for Y chromosome loci in both populations. Previous studies (Taylor and Cooper, 1999; Eldridge et al., 2004) observed lower genetic diversity for Garden Island than for Kangaroo Island using autosomal markers alone, we now observe the same trend using additional sex-linked markers.
Comparisons of genetic diversity among the different chromosomes reflect important population processes as well as differences in N e among the chromosomes caused by their differing modes of inheritance. Genetic variation is also affected by the mutation rate, which influences the creation of new alleles. Mutation rates in sperm DNA were estimated to range from 1.5 Â 10 À2 to 2.2 Â 10 À3 mutations per locus per generation for three of the autosomal loci included in this study (MacDonald et al., 2011) , but comparable data are not available for sex-linked loci, meaning that we cannot discount the possibility of mutation rate variation among chromosomes. One other factor that may influence variation in genetic diversity between different chromosomes is a male bias to the mutation process as a consequence of elevated cell divisions during spermatogenesis. However, this process is unlikely to have caused the difference we find between the two populations, because elevated cell division is likely to increase rather than decrease diversity at Y-linked loci (Miyata et al., 1987) . Given that genetic diversity at Y-linked loci was reduced relative to diversity at X-linked and autosomal loci in both populations, any male mutation bias in tammar wallabies must be counteracted by even stronger factors acting to suppress Y chromosome diversity.
For Garden Island, the ratio of autosome to X to Y diversity (y) is 1.0 to 2.14 to 0.14. Genetic diversity is lowest for the Y chromosome, and lower than expected relative to autosomal markers. However, diversity is higher for X-linked loci than for loci on chromosome 2. Higher than expected X to autosome ratios have been observed in several species (typically closer to 1:1 ratios, but X chromosome diversity was observed to be higher than autosomal diversity in some Drosophila melanogaster populations (Andolfatto, 2001) ) and one mechanism proposed to explain this is an extreme skew in male reproductive success (Charlesworth, 2009; Ellegren, 2009) . The ratio of X to autosome diversity is expected to increase when male N e is much lower than female N e because, assuming an equal sex ratio, the autosomes spend a greater proportion of evolutionary time in the male germline than does the X chromosome. Consequently, the autosomes have greater exposure to any bottleneck in the male germline caused by skewed male reproductive success. It is possible that our observations reflect such a male bottleneck in the Garden Island population, a possibility that is also supported by lower than expected Y chromosome diversity in this population. However, the ratio of X to autosome diversity we observe on Garden Island is much higher than might be expected based solely on variation in reproductive success and consequently may be influenced by other factors, or may reflect a lack of precision in our estimates of diversity among chromosomes. Given the small number of loci used in this study, the low number of alleles per locus, high levels of inbreeding and some evidence for an ascertainment bias, caution is required in the interpretation of these data. A genomic scale study, with many more markers and comprehensive sampling, may be required to resolve these questions in this population. The Kangaroo Island population presents a contrasting situation to Garden Island. Here the ratio of autosome to X to Y diversity (y) is 1.0 to 0.37 to 0.19. Thus, levels of genetic diversity vary among chromosomes in the order predicted by the rules of chromosomal inheritance, with the highest diversity on the autosome and the lowest on the Y chromosome, suggesting that variation in chromosomal N e is an important determinant of genetic variation. We observe that both X-linked and Y-linked diversity are lower than the 1.0 to 0.75 to 0.25 ratio predicted based solely on chromosomal differences in N e . This departure from expectations may reflect the relatively small number of loci from each chromosome used in this analysis.
However, variation in N e between chromosomes cannot be considered alone in its impact on levels of genetic variation. Demographic factors and population history will also influence the number of alleles transmitted between generations. These results provide little evidence for a strong skew in male reproductive success within the Kangaroo Island tammar wallaby population. If the majority of offspring were sired by a small number of dominant males we would expect to observe very low Y chromosome diversity and higher than expected X chromosome diversity. We also observe that relatedness is higher for females than for males. One explanation for this observation is a male bias to dispersal in the Kangaroo Island population. Sex-biased n, number of pairwise comparisons (for relatedness estimates) or individuals (for inbreeding estimates) analysed for the first population (1) or the second population (2). a Statistically significant differences between populations or between the sexes, for which the difference between the two mean values tested fell outside the 95% confidence intervals generated during bootstrap simulations.
dispersal has traditionally been investigated through comparisons of bi-parentally inherited autosomal genetic variation with maternally inherited mitochondrial genetic variation, but to date sex chromosome markers have been used to address this topic in only a relatively small number of species. However, where they are available, Y chromosome markers, which provide a paternal perspective on population genetic variation, can be extremely useful. For example, in the bonobo (Pan paniscus), haplotype diversity has been shown to be significantly greater for mtDNA than for the Y chromosome, suggesting that dispersal in this species is highly female-biased (Eriksson et al., 2006) . Male-biased dispersal has been recorded in several species of macropod, including eastern grey kangaroos, Macropus giganteus, (Zenger et al., 2003) , brush-tailed rock wallabies, Petrogale penicillata (Hazlitt et al., 2004) and swamp wallabies, Wallabia bicolour (Paplinska et al., 2009) . Here data from autosomal microsatellites suggest the occurrence of male-biased dispersal in the tammar wallaby, highlighting the need for further work on this topic in this model marsupial, for which X-and Y-linked microsatellites may prove to be valuable additional tools. The utility of combining data from the different chromosomes can be seen through the results of our assignment analysis. All individuals from Kangaroo Island are assigned to a single genetic cluster when based on autosomal data alone. The incorporation of data from the Y chromosome, which clusters males by paternal lineage, and data from the X chromosome, which faces a different level of exposure to recombination, mutation and demographic factors than the autosomes, allows us to assign individuals to two genetic clusters, that reflect sex-chromosomal lineages within the Kangaroo Island population. Detailed information on genetic structure within populations and an understanding of sex-specific genetic lineages or skewed mating systems are important for conservation management where the aim is to preserve as much genetic variation as possible from a threatened population (Weeks et al., 2011) . Our results demonstrate that sex-linked markers can provide information that complements data available from autosomal markers for application to conservation and management programs.
Given the importance of small offshore islands as refuges, both natural and artificial, for many Australian species Miller et al., 2011) , this work also highlights a potential need to monitor such island populations to ensure that genetic diversity is preserved across the whole genome. One aim of conservation programs is to preserve genetic diversity within threatened species, with the implication that this in turn will protect the evolutionary potential of those species. However, genetic diversity is rarely assessed at the genomic scale in conservation genetic studies, which are typically reliant on autosomal and mitochondrial markers. The mammalian Y chromosome is the only male-specific portion of the genome and carries genes crucial to male development and reproduction in most species investigated to date (Graves, 1995) . The Y chromosome also has the lowest N e and typically the lowest genetic diversity of all chromosomes, so the failure to specifically assess and conserve Y chromosome diversity seems an oversight that could have serious implications for the retention of male-specific diversity within threatened species. In this study, we observed only four Y chromosome haplotypes in the Garden Island population. Although we sampled only a relatively small proportion of males from one area of Garden Island, our sampling strategy was similar for the Kangaroo Island population where we observed 17 Y chromosome haplotypes. Other Western Australian island populations of the tammar wallaby may be in even greater need of management than Garden Island. For example, only three Y chromosome haplotypes were identified among male tammar wallabies from three different islands of the Houtman Abrolhos Archipelago using some of the markers included in the current study . Two of these islands share one of the Y chromosome haplotypes, which supports the inference from autosomal and mitochondrial data that tammar wallabies were introduced to North Island from West Wallabi Island. Thus, data from sex-linked markers have the capacity to contribute to management decisions such as the identification of management units and appropriate sources of animals for translocation or genetic rescue should one of the island populations become critically endangered or extinct. Future work may indicate circumstances where it is appropriate to consider extension of current management practices to specifically monitor genetic variation at sex chromosome markers and to augment threatened populations through sex-specific translocations, for example, to increase Y chromosome diversity within isolated island populations.
We anticipate that the availability of sex-linked markers from wildlife species will increase over the coming years. Here we have demonstrated, using only a relatively small number of loci, that the application of markers from the X and Y chromosomes can provide new insights into the tammar wallaby, which is arguably already one of the better-studied marsupial species (Hickford et al., 2012) and now has a genome sequence available (Renfree et al., 2011) . This area has great potential for future research because the development of sex-linked markers in 'genome-enabled' species (Thomson et al., 2010) and their subsequent application to genetic studies of these species and their close relatives is likely to be of value to both conservation genetics and wildlife management.
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